The flow of solutions containing solutes and colloidal particles in porous media is widely found in systems including underground aquifers, hydraulic fractures, estuarine or coastal habitats, water filtration systems, etc. In such systems, solute gradients occur when there is a local change in the solute concentration. While the effects of solute gradients have been found to be important for many applications, we observe an unexpected colloidal behavior in porous media driven by the combination of solute gradients and the fluid flow. When two flows with different solute concentrations are in contact near a junction, a sharp solute gradient is formed at the interface, which may allow strong diffusiophoresis of the particles directed against the flow. Consequently, the particles accumulate near the pore entrance, rapidly approaching the packing limit. These colloidal dynamics have important implications for the clogging of a porous medium, where particles that are orders of magnitude smaller than the pore width can accumulate and block the pores within a short period of time. We also show that this effect can be exploited as a useful tool for preconcentrating biomolecules for rapid bioassays.
In flow channels, suspended particles free of external forces are typically expected to advect along with the fluid flow unless the particles are large enough to physically clog the channel or sticky enough to adhere to boundaries. However, recent observations suggest that this may not always be the case; particles that are less dense than the surrounding fluid may be trapped in flow junctions via the vortex breakdown phenomenon [1] [2] [3] . Such an unexpected trapping of particles in simple flow geometries implies unrecognized ways that flow systems can fail or respond in unusual ways.
Here, we report a chemically mediated particle trapping mechanism in flow junctions that is nearly insensitive to the particle size or density for colloidal materials. The observed particle trapping takes place when solute concentration gradients are present in the channel, for example, in the case of a pore connecting two streams carrying different solute concentrations. Near the flow junction, because of the advection, the solute concentration gradient can be very sharp, as sketched in Fig. 1(a) . Such a steep gradient provides a suitable condition for colloidal particles to undergo directed motions such as diffusiophoresis [4, 5] .
Diffusiophoresis, which has received recent interest because of experimental and theoretical advances [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , refers to the motion of colloidal particles induced by the solute gradients. The local solute gradient gives rise to the particle motion due to the osmotic pressure gradient developed along the particle surface (chemiphoresis) and the liquid junction potential generated by the diffusion of ions with different diffusivities (electrophoresis). The particle diffusiophoretic velocity u p , relative to the local flow velocity, is given as u p ¼ Γ p ∇ ln c, where Γ p is the diffusiophoretic mobility and c is the solute concentration [4, 5] . The sharp solute gradient near the flow junction may drive particle motions against the flow direction depending on the sign of Γ p and the solute gradient. Furthermore, when the fluid velocity u f and the diffusiophoretic velocity u p have comparable magnitudes and are in opposite directions, particles may experience zero net velocity and accumulate in the region of the junction [see the inset of Fig. 1(a) ]. Accumulation of colloidal particles using two opposing forces in a linear setting has been demonstrated previously; examples include thermophoresis versus diffusiophoresis [18] , thermophoresis versus fluid flow [19] , electrophoresis versus fluid flow [20] , etc. The current study focuses on the fact that the fluid flow at channel junctions sharpens the solute concentration profile, giving rise to a strong particle diffusiophoresis regardless of the flow velocity.
To demonstrate this flow-induced diffusiophoretic focusing effect in flow junctions, we use a microfluidic channel in which two large flow channels are connected by a narrow pore, as shown in Fig. 1 (b) (see Materials and Methods for more details). The main channels are 100 μm high, and the pore is 10 μm high. This design allows precise control of the fluid permeation across the narrow pore because of its large flow resistance.
When colloidal suspensions with different solute concentrations (c 1 ¼ 0.1 mM and c 2 ¼ 10 mM NaCl) are injected into the separate main channels, the colloidal particles (polystyrene, diameter ¼ 0.5 μm) rapidly accumulate near the flow junction [ Fig. 1(c) and Movie 1 in Ref. [6] ). The spatiotemporal distribution of the fluorescence intensity shows that the particle accumulation is highly localized and stable [ Fig. 1(d) ]. As measured from the fluorescence intensity, the particle number density increases linearly until it slows down after a few minutes [ Fig. 1(e) ]. Assuming that the particle number density is linearly proportional to the fluorescence intensity [21] , the local particle accumulation ratio is increased by a factor of 7000. This result indicates that beginning with a low volume fraction of colloids (here 0.01%), the accumulated particles can locally reach a volume fraction of nearly 70%, approaching the maximum packing limit, which is approximately 74% for monodisperse spheres. An accumulation of particles is also observed in Fig. 1(f) and Movie 2 in Ref. [6] , where the bright-field imaging reveals the densely clustered particles, which are otherwise difficult to visualize because of the low initial concentration and small size of the particles.
To gain insight on the observed flow-induced particle diffusiophoresis and accumulation, we consider a onedimensional pore having both a solute concentration gradient and fluid flow. In a semi-infinite pore, where the inside (x → ∞) concentration is c 1 and the outside (x ¼ 0) concentration is c 2 [ Fig. 1(a) ] and the fluid flow towards the outside is u f , the steady-state solute concentration profile is cðxÞ ¼ c 1 þ ðc 2 − c 1 Þe −xu f =D s , where D s is the solute diffusion coefficient. Then, the position of the particles is in balance when the diffusiophoretic speed u p is equal to the flow speed u f , i.e., Γ p d ln c=dx ¼ u f . The balance condition yields the steady-state location x 0 of the colloidal particles, which is given by
Using experimental values (D s ¼ 1600 μm 2 =s, Γ p ¼ 760 μm 2 =s, u f ¼ 25 μm=s, and c 2 =c 1 ¼ 0.01), Eq. (1) yields x 0 ≈ 25 μm, which agrees with the results shown in Fig. 1 ; from Fig. 1(d 
Under typical conditions where c 1 =c 2 < 1 and Γ p =D s < 1, Eq. (1) implies that the main positional dependence of x 0 is on D s =u f , and there is only a rather weak dependence on the nature of the particles, which is expressed by Γ p . In addition, the sign of x 0 , which indicates the conditions under which particles accumulate in the pore (x 0 > 0), is not affected by the flow speed, indicating that particle accumulation should be observed as long as the cross flow in the main channel is fast enough to maintain a constant solute concentration near the pore entrance. This independence is due to the fact that a faster outflow velocity leads to a steeper solute concentration gradient, in turn increasing the diffusiophoretic velocity of the particles and pulling them more strongly into the pore. These arguments are further confirmed in Fig. 2 , where the particles with smaller Fig. 2(b) ] can be captured effectively near the pore entrance, which illustrates that the particle accumulation in flow junctions can occur under broad conditions irrespective of the flow velocity or particle type. Notice that for the nanoparticles, although the particle accumulation still takes place, the magnitude of the accumulation is weaker than for the larger particles because of small Γ p and large diffusivity.
We notice that u f does not change significantly as the particles accumulate within the pore, allowing the particle accumulation location x 0 to be stable over time. The subtlety lies in the nature of diffusiophoretic flow through the dense plug of particles. Recall that x 0 arises because the diffusiophoretic speed u p balances the convection speed u f . What this means is that, while a particle at this point is stationary in the lab frame of reference, it is "slipping" at a speed u p through the fluid. This leads to an r −3 perturbation to the flow field, not r −1 as would happen if an external force were holding the particle in place, where r is the distance away from the particle. As a consequence, corrections due to hydrodynamic interactions are absent in diffusiophoresis [5] . This implies that although a dense plug of particles forms, the fluid slips between them at a speed u p , and the actual flow field is only mildly perturbed, in complete contrast to a plug formed by aggregated particles stuck to the wall, as will be shown in Fig. 4 .
More detailed insights into the diffusiophoretic particle dynamics can be obtained by performing full 3D numerical simulations of the Navier-Stokes equations coupled with the solute and particle advection-diffusion equations and applying the diffusioosmotic wall slip flow conditions (see Materials and Methods for more details) [12, 17] . Computed particle trajectories near the pore entrance are shown on a slice through the pore center plane in Fig. 3(a) . The trajectories approach an approximately fixed depth in the pore where advection velocities balance the diffusiophoretic contribution. Because of the circulating flow that diverges from the center toward the wall, which is induced by the diffusioosmotic flow along the charged channel wall [12, 17] , the particles are attracted toward the channel wall, leading to two distinct focusing locations. However, the crossflow brings asymmetry to the particle motion, and the particles are more likely to focus on the downstream side of the wall (right-hand side). This result occurs because the particles are also advected toward that location by the crossflow unless the crossflow is so strong as to sweep away the particles. The consequence of fast crossflow speed is that the strong shear flow dominates over diffusiophoresis and carries away the particles so that the focusing does not happen near the downstream side of the pore wall (right-hand side). However, there is still a strong particle accumulation near the upstream side of the pore wall (left-hand side) because this area is less influenced by the crossflow; this is shown in Fig. 2(b) , where the cross flow speed (14.6 mm=s) is approximately 16 times faster than the usual conditions (0.9 mm=s). Normalized time-dependent particle concentrations n=n 0 are shown in Fig. 3(b) , assuming an initially uniform particle distribution at n ¼ n 0 . As can be seen, particles rapidly accumulate near the stable points at x 0 ≈ 25 μm, which coincides with the experimental observations in Fig. 1 .
The rapid clustering of colloidal particles near the flow junction has implications for the clogging of porous media for the unexpected conditions in which the particles are at low concentrations and are orders of magnitude smaller than the width of the pore; nevertheless, the particles can accumulate to block the pores. Typically, pore clogging is understood to be most likely to occur when the size of the particles is comparable to the pore size, such that steric effects like sieving or bridging can induce pore clogging [22] . In contrast, particles that are much smaller than the size of the pore are able to clog the pore only via particle aggregation, which is a much slower process than clogging driven by steric effects [22, 23] .
However, as shown in Fig. 4 (Movie 3 in Ref. [6] ), where the main channels are now connected with multiple pores mimicking a porous medium, the flow-induced diffusiophoretic accumulation significantly enhances the particle aggregation, leading to rapid particle buildup near the pore entrances. Here, the solute concentration of the higher side (c 2 ) is increased to 100 mM (NaCl) to screen out the Debye layer so that the particles can easily aggregate or adhere to the wall. This situation mimics realistic solute conditions in nature (e.g., brackish water, physiological fluids, etc.). Also, the particles are injected only through the lower solute concentration stream (c 1 ¼ 0 mM). Even when the particle size is 2 orders of magnitude smaller than the width of the pore, the aggregated particles formed by the flowinduced colloidal clusters cover the pore mouths within 10 minutes. Because of the aggregation, the majority of the particles remain even after the flow has changed directions, indicating irreversible clogging (bottom-right panel in Fig. 4 and Movie 3 in Ref. [6] ). Fluid flow and solute gradients in porous media are commonly found in many natural environments, e.g., underground reservoirs [24] and estuaries [25] , as well as artificial settings such as filtration membranes [26] , thus indicating a variety of conditions where suspended particles may clog and alter the flow system. While this flow-induced particle accumulation has potentially adverse effects, such as in the clogging of filtration membranes, this accumulation can also be exploited for practical applications. For example, because this effect can locally concentrate colloidal particles almost to their maximum packing limit, it could be used for preconcentrating or separating particles in a short period of time for various analytical purposes [21, 27] .
A conceptual schematic of an automated sample preconcentrator using the flow-induced accumulation effect is presented in Figs. 5(a)-5(c) . In this setup, the pores act as a "trap" for the analytes. Upon initiation of the outflow through the pores, the dilute analytes are highly concentrated near the flow junctions, and detection or analysis can be made in this region, owing to the stable formation of the clusters [ Fig. 5(a) ]. If the analytes need to be mixed with some other chemicals for further analysis or require flow-based detection [6] ]. Here, the height of the channel is uniform everywhere (10 μm). Because of the balance between the fluid flow and diffusiophoresis, the dilute DNA molecules accumulate near the flow junctions [ Fig. 5(e) ]. This accumulation occurs in a very stable manner, allowing easy detection of the analytes. The average intensity near the accumulated region is plotted over time in Fig. 5(i) (orange curve) . The accumulated DNA molecules can be passed to the other side of the channel by increasing the pressure at the lower flow channel [ Fig. 5(f) ]; then, they can be detected downstream [blue curve in Fig. 5(i) ]. The whole process can be repeated by reversing the pressure again [Figs. 5(g) and 5(h)], allowing continuous and autonomous operation. While this demonstration is only a proof of concept, the device can be further optimized for practical applications. For instance, narrower main channels will help reduce the dead sample volume flowing in the main channels, and the captured sample volume can be substantially enhanced by massively increasing the number of pores.
By balancing fluid flow and diffusiophoresis, we have observed rapid and robust trapping of colloidal particles near a flow junction. The present mechanism can efficiently capture colloidal particles regardless of their density and size since the diffusiophoretic dynamics originate from the electrostatic interaction between the solute and the surface charge of the particles. The consequences of the particle accumulation can be significant in many porous systems having fluid flow and solute gradients since the particles, which are orders of magnitude smaller than the pore size, can rapidly block the pores, as shown in Fig. 4 . Possible practical examples of this particle trapping include the formation of microbial biofilms and biofilm streamers in natural habitats such as springs and marshes where solutes and nutrients are abundant [28] [29] [30] , microbial infections in the human body such as oral systems and gastrointestinal tracts [29] , and fouling in reverse-osmosis systems due to ion-concentration polarization [31] . This mechanism for rapid particle accumulation also suggests a useful functionality, where the observed phenomenon can be used for collecting biomolecules for separation purposes or rapid bioassays.
I. MATERIALS AND METHODS
Materials.-Fluorescent polystyrene particles (diameter ¼ 0.5 μm) were purchased from Bangs Laboratories, and λ-DNA was purchased from New England Biolabs. YOYO-1 was purchased from Life Technologies. Polydimethylsiloxane (PDMS) was purchased from Dow Corning (Sylgard 184). NaCl, Tris-HCl, and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich. Microfluidic experiments.-The microfluidic channels were made out of PDMS. The device has two straight main channels that are parallel to each other and pores that connect the two main channels (single pore for the experiments in Figs. 1 and 2 , and multiple pores for the experiments in Figs. 4 and 5) . The height of the pore is 10 μm, whereas the height of the main channels is 100 μm except for the DNA experiments (Fig. 4) where the channel height is uniform everywhere (10 μm). A computer-controlled pressure-driven pump (MFCS-EZ, Fluigent) was used to feed individual solutions through the main channels. The particles were visualized with an inverted fluorescence microscope (DMI4000B, Leica) and analyzed with ImageJ.
The λ-DNA was stained by adding 1 vol% of YOYO-1 dye to 50 μg=ml of λ-DNA in Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA). After heating the solution at 50°C for 2 hours, the solution was diluted by 10 times with either 0.1 mM or 10 mM NaCl solutions.
Numerical simulations.-Because of the presence of three-dimensional effects including diffusioosmotic wall slip velocities and non-negligible secondary fluid advection velocities, a full 3D numerical solver was developed that couples the solution of the Navier-Stokes equations with the diffusioosmotic wall slip velocity, as well as the solute and particle advection-diffusion equations [12, 17] . The diffusioosmotic wall slip condition is a function of the wall surface charge and local solute concentrations, and the particle diffusiophoretic velocity contribution is also a function of the local solute concentration. The diffusioosmotic wall slip velocity is given as u w ¼ −Γ w ∇ ln c, where Γ w is the diffusioosmotic mobility of the channel surface (Γ w ¼ 520 μm 2 for polydimethylsiloxane in 10-mM NaCl solution at neutral pH [17] ). The 3D numerical simulations were performed using a finite-volume solver based on the simpleFoam and scalarTransportFoam solvers of the OpenFOAM computation fluid dynamics library [32] . The geometry was chosen to exactly match the experiments (see Fig. 3 ).
For this problem, we assume only one-way coupling between the fluid-plus-solute and particle dynamics; i.e., we assume that the particle dynamics do not affect the flow nor the solute motions. We impose boundary conditions of no-slip velocity for the fluid at the walls, and no-penetration conditions for both the solute and particles at the walls. At the inlet to the pore, we impose a uniform velocity of 20 μm=s (as measured from the experiments), a uniform solute concentration of 10 mM (NaCl), and a zero normal gradient boundary condition on the pressure. At the inlet to the main channel, we impose a uniform fluid velocity of 1 mm=s, a uniform solute concentration of 0.1 mM, and a zero normal pressure gradient boundary condition for the pressure. We let the initial particle concentration be uniform everywhere. At the outlet, we impose a zero normal gradient boundary condition on the velocity, solute concentration, and particle concentration, which assumes that the flow is fully developed. We set the pressure at the outlet to zero. This combination of pressure boundary conditions works very well, except for within a couple of grid cells of the inlets, with negligible effects on the dynamics of interest.
Since we have assumed one-way coupling on the particle dynamics, and the fluid and solute concentration boundary conditions are steady in time, we expect them to evolve towards a steady state as long as the Reynolds number remains small enough. Because we are primarily interested in visualizing the particle dynamics, we first solve for the steady-state velocity and solute concentration solution, and we use this result to iterate the particle dynamics. Thus, we first solve the advection-diffusion equation for the solute while simultaneously relaxing the fluid velocity using the SIMPLE algorithm of the simpleFoam solver. For this procedure, we use initial conditions of zero fluid velocity and a solute concentration of 0.1 mM (equal to the boundary condition for concentration at the main inlet). We monitor the norm of the time derivative of the solute concentration field in order to measure convergence in time. Once we achieve the steady-state fluid-plus-solute profiles, we set an initial condition on the particle concentration to be uniform everywhere. We then use the background steady-state fluid-plus-solute profiles to update the particle concentration using the modified advection diffusion equation for the particles, which includes the diffusiophoretic contribution [17] . Solving forward in time, the particle concentrations also eventually approach a steady-state condition, with rapid particle accumulation in the pore. This approach is computationally efficient for getting a picture of the particle dynamics that is physically analogous to running the flow channel to the steady state and suddenly imposing uniform particle concentrations everywhere. For the purposes of visualizing the particle accumulation, and for calculating final steady-state velocity and concentration profiles, this approach is quite efficient. The fully coupled three-dimensional simulations provide strong agreement with the experimental results, validating the solver [17] .
